Abstract
INTRODUCTION
The surgical outcomes of acute Type A aortic dissection have improved [1] with the ability to repair dissected sinus segments of the aortic root using Teflon felt and glue, leading to a low incidence of proximal aortic reintervention [2, 3] . The primary goal of surgery for acute aortic dissection is to save the patient's life, but it is also necessary to avoid early reintervention on the proximal aorta. An aggressive approach is needed to secure haemostasis when the aortic root is dilated with a fragile aortic wall, has an intimal tear or is ruptured. The preferred option in such cases is root replacement; however, composite valve graft replacement involves the risk of anticoagulation for the mechanical valve and the risk of reoperation if structural valve deterioration occurs when a bioprosthetic valve is used. Although aortic valve-sparing root replacement (AVSRR) surgery can mitigate these problems, it is a technically demanding procedure that requires longer aortic cross-clamp times, even in emergent situations. In high-volume centres, AVSRR for acute aortic dissection has not been shown to be a risk factor for in-hospital mortality [4, 5] . Since 2000, we have performed reimplantation procedures to repair the aortic root in selected patients with acute Type A dissection. In this study, we aimed to examine the long-term results and identify the procedure-related problems with this approach.
PATIENTS AND METHODS

Study design
The cohort comprised 328 patients who underwent emergent aortic repair for acute Type A aortic dissection at our university hospital between 2000 and 2016. From this cohort, we identified 30 patients who underwent AVSRR or composite valve graft replacement. We focused on the procedure-related and longterm outcomes of survival and valve durability in the 24 patients who underwent AVSRR. The study protocol was reviewed and approved by our institutional review board, and the need for additional informed consent was waived.
Operative procedures and indications for aortic valve-sparing root replacement
All procedures were performed through a median sternotomy using cardiopulmonary bypass. Patients were maintained at a rectal temperature below 30 C, the ascending aorta was clamped and cardioplegic arrest was induced with retrograde cardioplegia during cooling. If AVSRR or composite valve graft replacement was indicated, the root replacement was completed before moving to the distal aortic procedures. In the distal aortic procedures, the location of visible tears determined the extent of distal aortic replacement; the aorta was replaced distal to the visible intimal tear.
The indications for root replacement were the presence of (i) an aortic root aneurysm >45 mm or >40 mm in patients younger than 50 years, (ii) an intimal tear in the aortic root and (iii) a ruptured aortic root. AVSRR was performed in cases with minimal cusp degeneration. The extent of commissure detachment did not exclude patients from undergoing AVSRR if cusp degeneration was minimal. Exclusion criteria for the indication of AVSRR were the presence of fatal organ malperfusion, low cardiac function (ejection fraction <40%) and serious systemic diseases. After root replacement, hemiarch or total arch replacement was performed using selective antegrade cerebral perfusion under lower body circulatory arrest. The extent of the replacement of the distal aorta was decided according to the location of the intimal tear; we performed hemiarch replacement for an intimal tear in the ascending aorta and total arch replacement for a tear in the arch and proximal descending aorta. The distal aortic graft was then connected to the proximal graft, and the aortic cross-clamp was released. In patients with connective tissue disorders, total arch replacement was performed because of the risk of downstream aortic reoperation for multiple intimal tears. Detached commissures that were involved in the aortic dissection and causing prolapsed cusps with aortic regurgitation (AR) were reattached with buttress sutures and biological glue [gelatin-resorcinol-formalin (GRF) glue (Microval, Champs De Berre, Saint-Just Malmont, France); BioGlue (CryoLife Inc., Kennesaw, GA, USA)], as appropriate.
When repairing the aortic roots, we first applied buttress sutures to resuspend the detached commissures (Fig. 1A) and then applied the glue to the false lumen. Next, we created coronary buttons and trimmed the sinus aortic wall to prepare for the reimplantation procedure. Our reimplantation method has previously been reported [6] . A Valsalva graft (Vascutek Terumo, Glasgow, Scotland) was typically employed. Cusp repair by simple central plication with 6-0 polypropylene sutures was performed as necessary. During the early phase of the study, patients received grafts with diameters that were 3-4 mm larger than that of the aortoventricular junction. However, the graft size was decided based on the height of the commissure, which was approximately equal to the height of the sinus portion of the graft, as reported by de Kerchove et al. [7] .
Follow-up
We assessed the clinical outcomes and echocardiographic measurements on postoperative follow-up at 1 month and annually thereafter. Recent data relating to recurrent or residual AR and its severity were used as the study's end-points. In patients with at least moderate AR during the follow-up period, we used the data collected when AR was first detected. Patients who underwent reoperation for this indication were considered to have recurrent AR. Following the recommendations of the American Society of Echocardiography on integrating qualitative and semi-quantitative assessments, valve insufficiency was graded as none/trivial, mild, moderate or severe [8] . Follow-up ended in January 2017.
Statistical analysis
Numerical variables were expressed as mean ± standard error. The rates for survival, freedom from greater than moderate AR and freedom from reoperation were calculated by the KaplanMeier method. Values were expressed as survival rate ± 95% confidence interval. All analyses were performed using JMP 9.0.2 for Windows (SAS Institute, Cary, NC, USA). The follow-up period was calculated by an inverse Kaplan-Meier method.
RESULTS
During the study period, 328 patients underwent emergent aortic repair for acute Type A aortic dissection, and only 30 (9%) patients had aortic root replacement. Of these 30 patients, 24 underwent AVSRR and 6 underwent composite valve graft replacement. We focused on the 24 patients (age: median ± SD 49 ± 11 years; 17 men) who had AVSRR. The characteristics of these patients and their operative procedures are listed in Table 1 . Seven (29%) patients had Marfan syndrome and 1 (4%) patient had a bicuspid aortic valve.
All 24 patients underwent reimplantation procedures, with concomitant cusp repair performed in only 2 (8%, central plication) patients. All procedures were performed through a median sternotomy with cardiopulmonary bypass, and the arterial inflow was femoral in 12 (50%), axillary in 7 (29%) and via the ascending aorta in 5 (21%) patients. Concerning the indications for root replacement, all 24 (100%) patients had aneurysms >45 mm (or >40 mm in patients younger than 50 years), 6 (25%) patients had intimal tears, and 1 (4%) patient had a ruptured aortic root. Some of the patients had multiple indications. Half of the patients (12 of 24, 50%) had detached commissures that were reattached with buttress sutures and biological glue (GRF glue in 7 and BioGlue in 3; but no glue in 2). Four patients had 1 detached commissure, 6 had 2 detached commissures and 2 had 3 detached commissures. Intraoperative post-procedural transoesophageal echocardiography revealed none/trivial AR in 23 patients and mild AR in 1 patient.
Follow-up ended in January 2017 (median interval 84 months; range 1-202 months) and was complete for 92% (22 of 24) of the patients. Patients with no new information regarding survival or valve competency during the last follow-up (January 2016-17), except for those patients who had events with specific reasons (recurrent AR, reoperation and death) before this period, were categorized as lost to follow-up. Overall survival was 100% at 5 and 10 years, with no in-hospital mortality, no permanent stroke and no respiratory failure requiring tracheostomy. Renal failure requiring temporary haemodialysis occurred in 2 (8%) patients.
During the follow-up period, 5 patients underwent aortic valve reoperations (1 for endocarditis and 4 for recurrent AR). Table 2 lists the age and gender of patients, the cause of recurrent AR, the interval from initial operation to reoperation and the presence or absence of commissure involvement. A 45-year-old man (Patient no. 1) had endocarditis with severe AR and mitral regurgitation 3 years after reimplantation. He had widespread mitral valve infection with an annular abscess and underwent mitral valve repair and root replacement with a bioprosthesis. A 55-year-old man (Patient no. 2) had recurrent AR 3 months after the initial surgery and required aortic valve replacement with a mechanical valve; during the reoperation, a cusp perforation was found that appeared to be an expansion of a preexisting fenestration identified at the initial operation. Three patients (Patient nos. 3, 4 and 5) underwent surgery for redetachment of commissures that had been reattached with buttress sutures and biological glue, resulting in cusp prolapse ( Fig. 1B ; all 3 patients had received GRF glue at the initial operation). The pathology results showed tissue necrosis that may have been partly caused by the GRF glue in 2 patients (Patients nos. 3 and 5) but that the other patient (Patient no. 4) had only hyalinization and fibrosis at the detached commissure (Fig. 2) .
The results for freedom from aortic valve reoperation are shown in Fig. 3 , with the AR grades on serial echocardiography shown in Fig. 4 for each patient. Five patients underwent reoperation, and postoperative transoesophageal echocardiography at the initial operation showed trivial aortic insufficiency in 2 and no aortic insufficiency in 3 patients.
Six patients, including 5 who underwent aortic valve reoperations, experienced at least moderate AR during the follow-up period; the remaining patient has not undergone reoperation because the patient has not yet reached the criteria for surgery. The results for freedom from AR greater than moderate severity are shown in Fig. 5 . Freedom from at least moderate AR was 82 ± 10% at 5 years and 65 ± 13% at 10 years. Finally, the results for freedom from severe or moderate AR in patients with and without commissure detachment at the initial operation are shown in Fig. 6 . Although the results are not statistically significant (P = 0.253), the Kaplan-Meier curve shows a marked decline over several years for those with commissure detachment. Four patients underwent surgery in 2015 and 2016, with short follow-up periods. Therefore, the Kaplan-Meier curves in this study were based effectively on 20 patients undergoing surgery before 2014.
COMMENTS
Because of the excellent long-term outcomes reported with AVSRR, this procedure has been widely preferred [9, 10] . The advantages of AVSRR over composite valve graft root replacement have also been reported in many studies and include freedom from anticoagulation, a high rate of freedom from thromboembolic and bleeding events and a high rate of freedom from infection [11, 12] . The reimplantation procedure introduced by David is just one of the available AVSRR procedures. Although it is a complex procedure that requires prolonged cardiopulmonary bypass and aortic cross-clamp times, adopting this technique for the emergent repair of acute Type A aortic dissection in centres with experienced aortic surgeons does not appear to affect operative mortality or morbidity in carefully selected patients [4, 5] . Indeed, there was no mortality in this study, with survival rates of 100% at 5 and 10 years. In non-dissecting aortic pathology, reimplantation with normal cusp pathology is associated with excellent long-term outcomes [13] ; however, the study of valve durability in patients with minimal cusp pathology has been suboptimal. The effect of commissure detachment due to aortic dissection on valve durability has remained unknown. We did not exclude patients with commissure detachment from AVSRR for aortic dissection. In this study, 3 of the 5 patients who underwent reoperation had detachment of commissures repaired with buttress sutures and GRF glue at the initial operation. The pathology results showed that tissue necrosis developed in 2 patients, which may have partly been caused by the GRF glue. In another patient, hyalinization and fibrosis were observed at the detached commissures, and the redetached commissure was probably caused by loose adhesion of the glue and a tear in the dissection flap that was supported only by Teflon felt buttress suture. Our experience is consistent with research showing that the high concentration of formaldehyde in the GRF glue is a possible cause of tissue necrosis and mid-term redissection when used for aortic dissection [14] [15] [16] . We used GRF glue in 7 patients, because no other reliable tissue glue had been available in Japan, and BioGlue was approved for use only in 2010. However, we now use BioGlue for widely dissected commissures and no glue for minimally dissected commissures (e.g. only dissected at the top); subsequently, there have been no reoperations or recurrence in greater-than-moderate AR. The GRF glue should be avoided for commissural resuspension.
In 19 patients without reoperation, stable valve competency was shown during the follow-up period, and only 1 patient suffered moderate AR at 10 years postoperatively (Fig. 4) . Patients without commissural dissection neither required reoperation nor had recurrent AR. Given that the major causes of suboptimal aortic valve durability tended to be obvious and repairable, performing the repeat procedures in the selected patients was reasonable.
The criteria for AVSRR in emergent settings are based on the following 2 perspectives: the aortic pathology and the patient condition. Regarding the aortic pathology, root replacement is the best option for the ruptured roots with an intimal tear. Leaving the dissected, dilated aortic root untreated results in an unacceptably high risk of early root reintervention. Moreover, supracommissural repair is likely to result in bleeding at the anastomosis, when there is a dissected, dilated aorta with thin and fragile walls, even if biological glue is used. Our criteria for performing reoperation are when the root diameters measure >45 mm and >40 mm in patients younger than 50 years with and without connective tissue disorders, respectively. An extensive cusp pathology that needs complex repair is considered a contraindication to emergent AVSRR surgery.
In patients with complicated acute Type A dissection, the indication for AVSRR is based on the condition of the patient. Even in patients presenting with shock due to cardiac tamponade, and without malperfusion, the procedure is possible if the patient is stable after cardiopulmonary bypass is established. However, fatal organ malperfusion (coronary, brain and visceral organs, but not for the kidney) is a contraindication. In our study population, although 4 patients showed lower leg malperfusion, further examination indicated that it was mild in all cases and could be resolved by direct perfusion of the femoral artery. Therefore, we did not consider this condition to be a contraindication to AVSRR. Other important contraindications for AVSRR are a low ejection fraction (<40%) and the presence of serious systemic disease because these patients will not tolerate prolonged bypass and cross-clamp times.
Of the 328 patients who underwent emergent operations for acute aortic dissection during the study period, 197 who underwent supracommissural repair were followed up for aortic valve competency. Data revealed that the rate of freedom from aortic valve-related reoperation was 93% at 5 years and 79% at 10 years, respectively, whereas the rate of freedom from AR greater than moderate was 83% at 5 years and 53% at 10 years, respectively. A total of 22 patients underwent reoperation (due to redissection and dilatation of the aortic root in 16 patients, false aneurysm in 3 patients, endocarditis in 2 patients and recurrent AR in 1 patient). In these patients, reoperation was performed mainly due to aortic root lesions and not valve competency. In this cohort, 73 patients underwent commissural resuspension with GRF glue, and the rate of freedom from AR greater than moderate was 72% at 5 years. The risk factors for progressive AR were sinus of Valsalva >45 mm and the presence of detached commissures. The use of GRF glue was not a risk factor. Based on these data and the study data, it is interpreted that the indication for root replacement would be reasonable to avoid false aneurysm and redissection, but the commissural resuspension method remains an issue for long-term valve durability.
The choice of a valve-sparing procedure in acute aortic dissection is still controversial. Although root remodelling is another option for AVSRR, Leyh et al. [17] have reported a high failure rate in acute Type A aortic dissection and have also reported that reimplantation provides valve durability superior to that of remodelling. Similar to our findings, they reported that the main cause of late failure in remodelling was commissure detachment. Elsewhere, Kunihara et al. [18] reported superior long-term durability of aortic valve root remodelling in acute aortic dissection. They described a surgical technique for repairing detached commissures by carefully placing stitches through the dissected inner layer and adventitia. Unfortunately, we found that their technique could not be applied but admit that the appropriate use of biological glue could resolve this issue. Moreover, it is worth considering that the rate of reoperation for bleeding was high in their study when compared with other series. This could be reduced by a reimplantation technique that includes the whole dissected tissue with double-layer sutures [19] .
During the study period, the increasing number of AVSRR cases with emergent new theories demonstrated improved results. None of the 10 patients who underwent AVSRR after 2009 in this study underwent reoperation.
Limitations
The number of patients was small, and the study period was long. Over the years, the surgical technique has changed; therefore, the study results do not reflect our current practice.
CONCLUSION
In conclusion, the short-term outcomes and survival of AVSRR in patients with acute Type A dissection were satisfactory based on our criteria, but the long-term durability of the preserved aortic valves was suboptimal. The main cause of late failure was the detachment of commissures that had been reattached using GRF glue. GRF glue should be avoided for commissural resuspension in acute aortic dissection. In the future, improving the methods for reattaching dissected commissures could reasonably be expected to improve aortic valve durability in AVSRR for acute Type A aortic dissection. However, these conclusions are limited by the small sample size and the fact that the follow-up period was shorter for those treated with BioGlue glue than for those treated with GRF glue. A longer follow-up is needed to confirm the safety of our current methods of root reimplantation.
